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bstract
BiPO4 nanomaterial was synthesized using EDTA (ethylene diamine tetra acetic acid) as the surfactant via a simple microwave
ethod. The structure and morphology of BiPO4 were systematically characterized by X-ray diffraction (XRD), Fourier-transform
nfrared spectroscopy (FT-IR), and scanning electron microscopy (FE-SEM) studies. The obtained BiPO4 nanoparticles were, on
verage, 150–300 nm. The electrochemical results showed that the specific capacitance of BiPO4 obtained using the microwave
−1 −1oute was up to 104 Fg at a current density of 1 Ag with a large potential window of 1.7 V. The material showed excellent
ycling stability (92% capacitance retention) after 500 cycles at a current density of 1 Ag−1.
 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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.  Introduction
Recently, supercapacitors have received significant
ttention among researchers due to the outstand-
ng features of delivering more power than batteries
nd exhibiting higher energy densities than ordinaryPlease cite this article in press as: S. Vadivel, et al. Supercapacito
microwave approach, J. Taibah Univ. Sci. (2016), http://dx.doi.org/
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capacitors [1,2]. They can be used in hybrid elec-
tric vehicles with batteries to recover the energy loss
during braking. Based on the energy storage mecha-
nism of supercapacitors, they can be classified into two
types: electric double layer capacitors (EDLC process)
and pseudocapacitors (Faradaic process). In EDLC, the
charge storage characteristics are mainly due to the
electrode–electrolyte interface. Carbon materials, such
as activated carbon, carbon nanotubes, and graphene,
are used as EDLC-type electrodes. In pseudocapacitors,
the charge is stored by means of a Faradic process.rs studies on BiPO4 nanoparticles synthesized via a simple
10.1016/j.jtusci.2016.09.007
behalf of Taibah University. This is an open access article under the
Conducting polymers, metal oxides and sulphides are
commonly utilized as pseudocapacitor electrodes. In the
past decades, RuO2 has been studied extensively as an
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electrode material for supercapacitors [3]. However, the
toxicity and high cost limits its practical applications.
In this context, various metal phosphates such as BiPO4
[4] and Co3(PO4)2·8H2O [5] have been studied as pos-
sible electrode materials for supercapacitors. BiPO4, an
oxoacid salt semiconductor, has been reported to be
an active material for photocatalytic disinfection, sen-
sors and Li-ion batteries [4]. To date, increasing interest
has focused on BiPO4 in supercapacitors owing to its
high thermal and chemical stability and inherent redox
active species [6]. Recently, a few inspiring reports
have been published based on a BiPO4 nanomaterial
as an electrode material for supercapacitor applications.
For example, Nithya and co-workers (2015) synthe-
sized BiPO4 using a hydrothermal method and tested
its potential as a supercapacitor electrode in 1 M KOH
[4,7]. This BiPO4 electrode material exhibited a spe-
cific capacitance of 202 Fg−1. Furthermore, Nithya et al.
(2015) synthesized BiPO4 nanoparticles by a simple
sonochemical approach [8]. A maximum specific capac-
itance of 1052 Fg−1 (pH-7 at 2 mV s−1) was observed
for the BiPO4 prepared from the ultrasonication process.
Vadivel et al. (2016) reported a solvothermal route to
fabricate a BiPO4/MWCNT composite; a maximum spe-
cific capacitance of 504 Fg−1 at a scan rate of 5 mV s−1
was obtained [9]. Thus, the electrochemical properties
of the BiPO4 nanomaterial were greatly influenced by
the synthesis route. BiPO4 can be synthesized via var-
ious methods including hydrothermal and solvothermal
methods, but microwave induced synthesis is a facile and
rapid route for obtaining unique nanomaterial morpholo-
gies [10,11]. The microwave route has many advantages
such as a high phase purity and the reproducibility of
the materials. To the best of our knowledge, the superca-
pacitor properties of BiPO4 nanomaterials synthesized
using the microwave approach has not been reported
so far. In this paper, we report the synthesis of BiPO4
nanomaterials using a microwave method employing
EDTA as a surfactant. The electrochemical performance
of the BiPO4 nanomaterials prepared via the microwave
method has been reported and discussed for supercapac-
itor applications in a 2 M KOH electrolyte solution.
2.  Experimental
2.1.  Materials  and  methods
The bismuth nitrate pentahydrate (Bi(NO3)3·5H2O),Please cite this article in press as: S. Vadivel, et al. Supercapacito
microwave approach, J. Taibah Univ. Sci. (2016), http://dx.doi.org/
disodium phosphate (Na2HPO4), ethylene glycol (EG)
and ethylene diamine tetra acetic acid (EDTA) were pur-
chased from Sisco research laboratories Pvt. Ltd. (SRL),
India. PRESS
sity for Science xxx (2016) xxx–xxx
2.2.  Synthesis  of  BiPO4 nanoparticles
The BiPO4 was synthesized through a simple
microwave route. In a typical synthesis, 1 g of
Bi(NO3)3·5H2O and 0.1 g of EDTA were dissolved in
a 20 ml EG solution with continuous magnetic stirring
(solution A). Meanwhile, 0.35 g of Na2HPO4 was dis-
solved in another 20 ml EG solution (solution B). Then,
solution B was poured into solution A under vigorous
stirring, leading to the formation of a white suspension.
Next, the mixture was kept inside a microwave oven
(2.45 GHz and 800 W) and heated to 160 ◦C for 3 min.
After the completion of the reaction, the obtained dirty-
white precipitate was cooled naturally and then washed
with DI water and acetone before it was dried at 70 ◦C
overnight. Finally, the obtained sample was analyzed by
various characterization techniques.
2.3.  Characterizations
The crystalline structure of the BiPO4 nanoparticles
was confirmed by X-ray diffractometry (Xpert Pro PAN
analytical X-Ray diffractometer) by applying a scanning
speed of 5◦/min with Cu K1 radiation. The shape and
structure of the BiPO4 nanoparticles was determined
using a scanning electron microscope (SEM Tescan
Vega3 SBUVG8211771N-Czech Republic). The trans-
mission electron microscope (TEM) was recorded using
a Hitachi H7650 electron microscope. The Raman spec-
trum of the BiPO4 nanoparticles was recorded at room
temperature using a nano-photon confocal Raman spec-
trometer. The FT-IR spectrum of the BiPO4 was recorded
using a TENSOR 27 Bruker FT-IR spectrophotometer in
the range of 4000–400 cm−1. The BiPO4 samples were
prepared by using KBr to form a pellet. Electrochemi-
cal and photoelectrochemical studies were recorded in a
three-electrode system with a 2 M KOH electrolyte solu-
tion. Pt wire was used as the counter electrode, and a
calomel electrode (SCE) was used as the reference elec-
trode. BiPO4 coated on a glassy carbon electrode (GC)
served as the working electrode. The electrochemical
studies were recorded using an electrochemical system
(CHI-660D). The mass of the active electrode material
was approximately 1 mg.
3.  Results  and  discussion
Fig. 1(a) shows the XRD spectrum of the as-preparedrs studies on BiPO4 nanoparticles synthesized via a simple
10.1016/j.jtusci.2016.09.007
BiPO4 nanoparticles. It can be seen that all of the diffrac-
tion peaks in the XRD pattern of the BiPO4 can be
indexed to the monoclinic phase of BiPO4 (JCPDS
Card. No. 89-0287) [12]. No characteristic peaks were
ARTICLE IN PRESS+ModelJTUSCI-334; No. of Pages 6
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iFig. 1. (a) XRD spectrum, (b) FT-IR spectrum, (c) Raman spec
bserved for other impurities, such as surfactant, fur-
her implying the purity of the BiPO4. Fig. 1(b) shows
he FT-IR spectrum of BiPO4. The main absorption
eak in the region of 3480 cm−1 is assigned to the
 H stretching vibrations, and the peak observed at
603 cm−1 is attributed to the O H bending vibra-
ions, respectively. The peak at 1020 cm−1 corresponds
o the 3 asymmetric stretching vibrations of the PO4
roups [13]. The peaks observed at 595 and 537 cm−1
orrespond to the  (O P O) and 4 (PO4) bending
ibrations of PO4 moieties, respectively. Fig. 1(c) shows
he Raman spectrum of the BiPO4. The peaks observed at
018 cm−1 and 951 cm−1 correspond to the asymmetric
nd symmetric vibration modes of PO4. Furthermore,
he peaks observed at 540 cm−1 and 591 cm−1 can
e attributed to the 4 bending vibrations of the PO4
roups, respectively [14]. Based on the XRD, FT-IR and
aman spectroscopy results, the formation of the BiPO4
anoparticles was established. Fig. 1(d) shows the pho-
ocurrent measurements of the BiPO4 nanoparticles. The
hotocurrent measurement is used to elucidate the elec-
ron mobility and interfacial charge transfer dynamics of
he semiconductor matrix. BiPO4 nanoparticles exhibitPlease cite this article in press as: S. Vadivel, et al. Supercapacito
microwave approach, J. Taibah Univ. Sci. (2016), http://dx.doi.org/
n obvious photocurrent response, which favours a larger
lectrode–electrolyte interface during charge discharg-
ng process [15].d (d) photoelectrochemical spectrum of BiPO4 nanoparticles.
Fig. 2(a) and (b) shows the SEM images of the
BiPO4 nanoparticles obtained via the microwave route.
It can be observed that the as-synthesized BiPO4 sample
comprises irregular spherically shaped particles with an
average size between 150 nm and 400 nm. The main rea-
son for the formation of the spherically shaped BiPO4
could result from the introduction of EDTA as a surfac-
tant for capping the bismuth nuclei. The morphology
of the BiPO4 sample was further analyzed by TEM,
and it is represented in Fig. 2(c). The BiPO4 nanopar-
ticles with severe agglomeration were clearly observed,
which are in accordance with the SEM results. Further-
more, a 200 nm average size of the BiPO4 nanoparticles
has been observed from TEM analysis. Furthermore, the
scheme of the formation of the BiPO4 nanoparticles is
represented in Fig. 2(d) based on the SEM and TEM
observations.
Electrochemical studies were used to determine
the potential of BiPO4 as a suitable material for
supercapacitor applications. Cyclic voltammetry (CV)
studies are a powerful tool to identify the nature of
electrochemical reactions, whether a Faradaic or non-
Faradaic reaction occurs at the electrode/electrolyters studies on BiPO4 nanoparticles synthesized via a simple
10.1016/j.jtusci.2016.09.007
interfaces [16,17]. The CV studies were performed in
a 2 M KOH electrolyte solution in the potential range
from 0.2 V to −1.4 V. The CV curves of the BiPO4
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noparticFig. 2. (a, b) SEM images, (c) TEM images of BiPO4 na
−1Please cite this article in press as: S. Vadivel, et al. Supercapacito
microwave approach, J. Taibah Univ. Sci. (2016), http://dx.doi.org/
nanoparticles at various scan rates (5–100 mV s ) are
represented in Fig. 3(a). The presence of oxidation and
reduction peaks (Faradaic nature) in the BiPO4 nanopar-
ticles infers the pseudocapacitive nature of the BiPO4
Fig. 3. (a) CV curve of BiPO4 nanoparticles at different scan rate (5–100 mV s
at different current densities, (c) variation of specific capacitance values of BiP
of BiPO4 electrode.les and (d) scheme of formation of BiPO4 nanoparticles.rs studies on BiPO4 nanoparticles synthesized via a simple
10.1016/j.jtusci.2016.09.007
nanoparticles and is attributed to the oxidation and
reduction reaction between the Bi(III) and Bi(0) states
[8]. The peak current values increased with insignifi-
cant changes in the shape of the CV curves and with
−1), (b) galvanostatic charge–discharge curves of BiPO4 nanoparticles
O4 nanoparticles as a function of current density and (d) EIS spectrum
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n increase in the scan rate [18]. The CV perfor-
ance indicates that the electrochemical performance
f the BiPO4 nanoparticles is quite appreciable in
he 2 M KOH solution. The improved electrochemi-
al performance was also confirmed using galvanostatic
harge–discharge (GCD) studies. Fig. 3(b) depicts the
alvanostatic charge–discharge (GCD) studies of the
iPO4 nanoparticles. Consistent with the CV curves, the
lateaus in the discharge curves indicate the existence
f Faradaic processes. A non-linear type of discharging
ehaviour is observed in various current densities.
The specific capacitance (SC) values can be calcu-
ated by Eq. (1) [19]:
C = I ×  Δt
ΔV  ×  mFg
−1 (1)
here I  is the current density, t  is the
harging–discharging time, V  is the potential
ange, and m is the mass of the electroactive material
20]. BiPO4 nanoparticle electrodes achieved a high
pecific capacitance of 104 Fg−1 at 1 Ag−1 with a large
otential window of 1.7 V (Fig. 3(c)). In addition, the
alculated internal resistance (R) values of the BiPO4
lectrode was based on Eq. (2):
 = VIR
2I
(2)
ere VIR is the potential drop between the first two points
f the potential drop at the top cut-off; the applied current
ensity is denoted. The calculated internal resistance (R)
f the BiPO4 electrode at 1 Ag−1 is 402 .
From the charge–discharge analysis, a large internal
 in the electro active species was observed, which may
ncrease the internal resistance of the BiPO4 electrode,
nd in turn may produce a lower specific capacitance
f the composite [21]. A high potential window, which
mplies high energy density of the electrode material,
s an elusive feature. Furthermore, the cyclic stability
s useful for realizing applications in a supercapacitor.
ig. 3(c) shows the cycle performance of a BiPO4 elec-
rode examined using galvanostatic charge–discharge
00 cycle tests at a current density of 1 Ag−1. It is clear
hat the BiPO4 electrode exhibited a good cycling per-
ormance with a small capacitance loss of 8% after 500
ycles. For further understanding, the charge transfer
nd capacitive nature of BiPO4 electrode is evaluated
hrough an EIS measurement in the frequency range
f 0.01–100 kHz. The charge-transfer resistance (Rct)Please cite this article in press as: S. Vadivel, et al. Supercapacito
microwave approach, J. Taibah Univ. Sci. (2016), http://dx.doi.org/
alue is calculated from the high frequency region of
he EIS plot (Fig. 3(d)). The observed Rct value of
he BiPO4 electrode was 40 , which revealed that the
iPO4 electrode could enhance the electrolyte diffusion PRESS
sity for Science xxx (2016) xxx–xxx 5
into the electrode surface during the Faradaic process
[22]. Fig. 3(d) inset depicts the equivalent circuit for
the EIS studies. In that circuit, Rs stands for the solu-
tion resistance, Rct is the charge transfer resistance, Cdl
is the double layer capacitance and W  is the Warburg
impedance.
The superior capacitive performance of the BiPO4
electrode is mainly attributed to the following reasons:
first, the sphere-like morphology leads to an improved
high-current capacitive behaviour; second, the meso-
porous structure provides suitable pore volumes, which
can store more OH ions, resulting in a lower resistance
value during the redox process; last, nanosized building
blocks greatly enhance the outer surface areas, achiev-
ing a high number of active sites in the supercapacitor
matrix [23,24].
4.  Conclusion
This study demonstrates a facile approach for the
synthesis of BiPO4 nanoparticles. Microwaves influ-
enced the initial nucleation process during the formation
of BiPO4. The crystalline nature, structure and purity
are clearly investigated via XRD, Raman analysis and
SEM analysis. A high specific capacitance (104 Fg−1
at 1 Ag−1) as well as an excellent rate capability and
cycling stability (over 500 cycles at 1 Ag−1) were
achieved. Therefore, these results substantiate that con-
trolling the particle size and morphology play a vital role
in using BiPO4 for energy storage applications.
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